Abstract: A robust damping control design methodology for a thyristor controlled phase angle regulator using global signals is proposed based on the simultaneous stabilisation approach. The numerical design algorithm determines the controller parameters in order to guarantee closed-loop poles in the left half plane with preferential treatment to those corresponding to the inter-area modes. Plant models under different operating conditions are incorporated in the design formulation to achieve the desired performance robustness. A three-input/single-output controller is designed for the TCPAR to provide adequate damping to the critical inter-area modes of a study system model. Based on the observability of the inter-area modes, real power flows from remote locations are used as feedback stabilising signals. The damping performance of the controller is examined in the frequency and time domains and is found to be robust against varying power-flow patterns, nature of loads, tie-line strengths and system non-linearities, including saturation.
Introduction
Inter-area oscillations (0.1-1.0 Hz) involving oscillatory modes associated with groups of machines distributed over neighbouring utilities are inherent in interconnected power systems. These modes are often poorly damped, imposing a limit on the maximum power transfer through the tie-lines. Several incidents of system outage following these oscillations are reported in [1] . Over the years much of the research attention, therefore, has been focused on damping control design for power system stabilisation. Generally, these design techniques employ pole placement [2] , eigenvalue sensitivity [3] , phase-gain compensation [4] and root-locus [5] approaches. However, there are arguments that these controllers, being tuned for one nominal operating condition, fail to produce adequate performance under varying operating scenarios.
Application of linear quadratic gaussian (LQG) and H N techniques to power system damping control design are demonstrated in [6] [7] [8] for sample power system models. These controllers produce the desired performance and robustness under varying operating conditions but are usually of large order and hence sometimes difficult to implement. Analytical solutions to the H N problem produce overall stability, but suffer from pole-zero cancellations [9] . The selection of weights for shaping the open-loop plant characteristic for control design is crucial to avoid this problem. These problems are discussed and remedies are suggested via the method of linear matrix inequalities (LMIs) [10, 11] through pole-placement constraints. The LMI approach has been applied in the context of power system damping design for a sample power system model [12] . The controllers produced by this approach are also of higher order, requiring subsequent simplification.
The concept of robust and low-order controller design by weighted and normalised eigenvalue-distance minimisation (WNEDM) technique is demonstrated in [13] for a power system model through superconducting magnetic energy storage (SMES) device to damp out oscillations due to inter-area modes. The idea was to place the closed-loop poles at desired locations in the left half of the eigen-plane. The basic difference between this approach and the H N norm optimisation approach is that the former considers the variations in operating conditions as distinct plants whereas the later includes different operating conditions as structured/unstructured perturbations around a nominal operating point. Three SMES devices were used to provide damping to the dominant inter-area modes employing local feedback signals in a decentralised manner; i.e. three independent single-input/single-output (SISO) controls were designed. In this paper, we have extended this concept to multivariable design for providing damping to these interarea modes by a single thyristor controlled phase angle regulator (TCPAR) employing remote feedback signals. The problem has been formulated to address multi-input/ single-output (MISO) control design for a group of singleinput/multi-output (SIMO) plants.
One of the major concerns in practical systems is that the number of dominant inter-area modes is often larger than the number of control devices available [14] . In recent years, much of the research attention has therefore been focused on designing new control structures affecting multiple swing modes. The primary idea behind the control design is to employ a combination of remote stabilising signals with diverse modal contents. The remote stabilising signals are often referred to as global signals to illustrate the fact that they contain information about overall network dynamics as opposed to local control signals, which lack adequate observability of some of the significant inter-area modes [15] . Recent advances in wide area measurement (WAM) technologies, through phasor measurement units (PMU), can deliver synchronous phasors and control signals at a high speed (e.g. at a 30 Hz sampling rate) [15, 16] . It is possible to deploy PMUs at strategic locations on the grid and obtain a coherent picture of the entire network in real time [16] . The latest state of the art of global positioning system (GPS) technology also ensures proper time synchronisation among several global signals [16] .
In this work, we have used the real power flow in the lines from three different remote locations as feedback signals to construct a three-input/single-output centralised controller for a TCPAR. The main contribution of this paper is in extending the concept of simultaneous stabilisation in the multivariable framework and successfully applying it for multiple swing mode damping through a single FACTS device.
Study system
A 16-machine, five-area study system, shown in Fig. 1 , was considered for the damping control design exercise. The detailed description of this reduced order New England and New York interconnected system, including machine, excitation system and network parameters, can be found in [17] . NYPS is required to import 1550 MW from Area 5, which requires a flow of 4000 MW from the equivalent generator G16 through the line connecting buses 16 and 18. To facilitate this power transfer, a TCPAR is installed in the line between bus 16 and 18. For the above power flow scenario, the phase angle setting of the TCPAR was found to be 101. The pre-fault steady-state operation of the systems assumes a double circuit tie between bus 53 and 54, and the outage of one of these circuits takes the system into post-fault steady state. A modal analysis was carried out to examine the participating areas in each mode and thereby identify the inter-area modes of the system. The results of eigen analysis, displayed in Table 1 , confirm the presence of four inter-area modes out of which the first three are poorly damped, necessitating damping control action through the TCPAR. A modal observability analysis [18] was carried out to identify the most effective stabilising signals for the TCPAR. The results of the observability analysis revealed that the accessibility of the three critical inter-area modes are most in P 45,51 , P 14,41 and P 13,17 respectively. Hence, these signals were considered to be most effective for control design. Here P 45,51 , P 14,41 and P 13,17 indicate the power-flow in the lines between buses 45-51, buses 14-41 and buses 13-17, respectively.
Model for TCPAR
A power injection model [19] is used here for steady-state representation of the TCPAR. In this modelling approach, the effect of the FACTS devices on the power flow is represented as a variable injection at the terminal buses. The power injection varies with the FACTS control parameters, requiring no modification of the bus admittance matrix during the power flow iterations. The power injection model of a TCPAR connected in the line between buses k and m is shown in Fig. 2 . This is obtained by replacing the voltage source by an equivalent current source. The injected real and reactive powers at the terminal buses are given by:
where y km ¼ y k Ày m , y mk ¼ Ày km and B mk ¼ B km . The dynamic characteristics of a TCPAR are assumed to be modelled by a single time constant (T tcpar ) representing the response time of the TCPAR control circuit as follows:
In Fig. 3 , Df is the incremental change in value of f about the nominal operating point and Df ref is the reference setting, which is augmented by Df ss in the presence of supplementary damping control. The overall transport delays for the remote signals are modelled by a first-order filter 1 1þ0:02s before the controller block. A successive relaxation algorithm [19] was employed to determine the steady-state settings of these devices. Here the nodal voltage magnitudes and angles are solved for by the conventional N-R load flow while a separate sub-problem is solved at the end of each N-R iteration to update the state variables for the FACTS in order to meet the specified line flow criteria. The iterative process converges when both the load flow and the line flow criteria are satisfied.
The machine, exciter, network power flow and power injection model for the TCPAR were linearised around the nominal operating condition to produce the linear dynamic model for eigen-analysis and control design.
Simultaneous stabilisation: eigenvalue-distance minimisation/robust pole placement
The concept of simultaneous stabilisation via low-order controller design was introduced by Schmitendorf and wilmers [20] . In this method, the desired closed-loop poles are specified and a controller is sought such that it would minimise a function of the distance between the actual and the desired closed-loop poles. A simple optimisation problem is solved numerically wherein the controller parameters are the design variables. The order of the controller is specified prior to the design. If no stabilising controller with a specified order is found, the order can be increased before repeating the entire procedure. The application of this numerical approach for robust loworder controller design has been demonstrated on sample power system models [13] but the application so far has been restricted to a SISO design. In view of the prospect of enhancing the damping of multiple swing modes through a single device employing multiple remote/global signals, the problem has been reformulated in the multivariable framework for TCPAR control design with three feedback signals, as described earlier. Figure 4a describes the standard feedback configuration for a single-input/three-output plant and three-input/single-output controller. The plant G(s) and 
KðsÞ ¼ 
The negative sign before each entry of the controller numerator coefficient in (13) takes care of positive feedback without disturbing the plant parameter matrix that is defined and discussed later. The polynomial in (13) can be expressed as a set of algebraic equations in which the coefficients of equal powers of s on both sides of (13) are compared. The set of algebraic equations for the standard SISO control design problem is described in [21] . In this paper, the equations are derived for a singleinput/three-output plant. The simplified final expression is given by:
where P is an (n+k+1) Â 4(k+1) matrix in Fig. 4b . In general, for the r-output/single-input case, P assumes the following structure with dimension (n+k+1) Â (r+1)(k+1):
P is called the plant parameter matrix as its elements are obtained from the coefficients of the plant polynomials described in (8) and (9) . Any value of d and hence an arbitrary pole placement can be achieved by a proper choice of x for a specific P, but the order of the controller would be large. For an nth order plant, the minimum order of the controller required for arbitrary pole placement is nÀ1 [21] . This would result in a very large controller for a plant with a large number of open-loop poles such as a power system. The controller order can be reduced if the aim of arbitrary pole placement of all the closed-loop poles is relaxed to closed-loop stability with special treatment of a few critical poles. This is exactly what is required in power-systemdamping-controller design, in which improved damping ratios of the critical electromechanical modes are of paramount importance and other poles can be ignored as long as they are sufficiently damped. The idea is to choose x such that the distance between specified and achievable pole locations are minimised i.e. P x À d j j! 0. This optimisation problem approximates the desired characteristic polynomial but the closed-loop poles may not be close to the desired ones individually. Instead of minimising the absolute eigenvalue distance, it is more effective to minimise the normalised eigenvalue distance. In order to attach more importance to the critical eigenvalues, the objective of eigenvalue distance minimisation must be weighted in addition to normalisation. In view of this, the modified objective function becomes:
where m i and l i are the desired and the actual closed-loop poles, respectively, and c i is the weight associated with the ith pole. The controller parameter vector x is optimised based on the plant parameter matrix P. With change of operating condition, P varies. To maintain acceptable performance for other operating conditions, the robustness property has to be built into the controller. This is achieved by extending the technique already described to incorporate other plant parameter matrices P corresponding to probable (say, q) operating conditions. For a specific d and x, q weighted and normalised eigenvalue distances are evaluated. The ultimate aim of the optimisation procedure is to find an x such that the maximum of all of the objective functions is minimised. The weights c i are chosen such that the poorly damped modes are penalised heavily for the worst case F j (x). This is a typical unconstrained optimisation problem as there is no bound on x that might produce an unstable controller to provide the desired closed-loop damping. This is overcome by imposing a constraint to ensure a stable controller. The controller design task, therefore, reduces to a constrained non-linear optimisation problem given by:
This constrained min-max problem is solved by the sequential quadratic programming (SQP) [22] technique. The initial value of x can be chosen at random but a leastsquare solution of (15) provides a better initial guess for x.
Damping controller design
The design formulation employing simultaneous stabilisation technique in the multivariable framework is applied here to obtain a three-input/single-output centralised controller for the TCPAR. The open-loop system has 134 states. Even with a second-order controller, the number of closed-loop poles to be specified is 136, which is neither practical nor necessary. Therefore, the original plant model was reduced to 12th order using the balanced truncation technique [23] , available with the Robust Control Toolbox in MATLAB. An order of 12 was found to be satisfactory in both pre-fault and post-fault operating conditions. The critical modes of the original and the reduced order system are shown in Table 2 . The frequency response of the prefault plant model, shown in Fig. 5 , demonstrates that the 12th order reduced plant is quite close to the original 134th order plant in the desired frequency range (0.1-1.0 Hz). The plant parameter matrices were formed from the reduced order plants in both pre-fault and post-fault operating cases. A converged solution, X opt was considered acceptable if the damping ratios for the critical inter-area modes were more than 0.1 in both operating cases. Initially, the procedure was tried with a second-order controller but it could not produce the desired damping for all the critical modes. The controller order was increased until the desired damping for all three critical modes was achieved. The resulting controller order was 8. The fminmax routine available in the Optimisation Toolbox [24] in MATLAB was used to find the parameters of the controller. The weights were selected as 1000 for those real poles with very small decay rates and 1000 r for the poles with poor damping ratios, where r is the damping ratio calculated in every iterative step. Table 3 lists the specified and achieved closedloop poles for the reduced order plant model. The poles shown in bold type correspond to the equivalent critical inter-area modes in the reduced order system. The frequency response of the three-input/single-output controller constructed from X opt is given in Fig. 6. 
Evaluation of controller performance
An eigen-analysis of the system was carried out to examine the performance of the controller under different operating scenarios. The results are shown in Tables 1, 4, 5 and 6 for different operating conditions. It is clear from these results that the damping ratios of the inter-area modes in the presence of the controller are improved as desired. Table 1 contains the results in open-loop and closed-loop under both pre-fault and post-fault conditions. It can be seen that the damping of modes 1, 2 and 3, shown in bold type, is improved considerably in the presence of the controller. Table 4 displays the damping ratios and frequencies of the inter-area modes when power transfer between NETS and NYPS varies in the range 100-900 MW. The damping ratios are satisfactory in all the cases.
The performance of the controller was further evaluated with various load models. Constant impedance (Z), an equal mixture of constant impedance and constant current (I), a mixture of constant impedance and constant power (P) and dynamic load characteristics were considered. The dynamic load (induction motor type) was considered at bus 17, the rest of being of Z type. It is clear from the results of Table 5 that the designed controller provides robust damping for different load characteristics. Table 6 demonstrates the robustness of the damping action against outage of different tie-lines connecting NETS and NYPS. The damping action is found to be quite adequate with respect to the outage of each of the tie-lines between buses 27-53, buses 60-61 and buses 53-54 connecting NETS and NYPS. The damping performance of the designed controller is thus observed to be robust against these varying operating conditions. One of the concerns of centralised design using remote signals is possible loss of one of the channels leading to unsatisfactory damping performance. Mekki et al. [25] have proposed a solution for this based on the replacement of the lost remote signal by a similar local signal through the use of a signal-loss detector. It is possible to adjust the phase characteristics of the replacement local signal by a pre-filter. A non-linear simulation was performed for 30 s to further demonstrate performance robustness of the controllers in the presence of system non-linearities, including saturation. A three-phase solid fault was considered near bus 53 on one of the tie-lines connecting buses 53 and 54. This fault location might not be the most severe one from transient stability viewpoint but certainly was very effective in triggering inter-area oscillations and testing the effectiveness of the controller during post-fault system recovery. The fault condition was simulated for 80 ms (%five cycles) followed by opening of the faulted line. The dynamic response of the system following this contingency shown in Fig. 7 exhibits the relative angular separation of machine 1 with respect to machines 15 and 14 and that of machines 15 and 16 with respect to machine 13. The inter-area oscillation is manifested most effectively in these particular relative machine angle differences and it is seen that these oscillations are damped out in 15 s through control action. Figure 8 shows the output response of the TCPAR. The output of the TCPAR is also seen to lie in the range 0-151. Thus the large disturbance performance of the controller is found to be highly satisfactory. It was reported in our earlier research [13] that, by utilising local signals, it was possible to damp three inter-area modes by three controllers through three SMES devices. Here only one TCPAR served the purpose of damping all inter-area modes using the remote stabilising signals. With rapid advancements in the field of PMU based wide-area measurement using GPS, real-time delivery of synchronous phasors and control signals has become relatively simple [15, 16] and this has made the prospect of damping inter-area oscillations through global signals a realistic one.
Conclusions
This paper has demonstrated the effectiveness of remote signals for enhancing the damping of multiple swing modes through a single TCPAR. The centralised design of this multivariable controller is formulated as a weighted and normalised eigenvalue distance minimisation problem. The robustness of the controller is sought through minimising the maximum of the weighted normalised eigenvalue distances of several plants constructed out of different operating conditions. The advantage of this design approach is that it is very simple and more than one operating condition is incorporated in the design stage. Moreover, the order of the controller is specified before the design. The selection of weights is also straightforward. The performance robustness of the controller obtained through this technique has been verified in the frequency domain through eigen-analysis and also in the time domain by means of non-linear simulations. It is also found that the adverse interactions amongst different control channels are absent. The technique of multiple-input/single-output controller design is now being extended to other FACTS devices. 
